The processes of excitation-contraction (EC) coupling consume large amounts of energy that need to be replenished by oxidative phosphorylation in the mitochondria. Since Ca 2+ activates key enzymes of the Krebs cycle in the mitochondrial matrix, it is important to understand the mechanisms and kinetics of mitochondrial Ca 2+ uptake to delineate how in cardiac myocytes, energy supply is efficiently matched to demand. In recent years, the identification of various proteins involved in mitochondrial Ca 2+ signalling and the tethering of mitochondria to the sarcoplasmic reticulum (SR) has considerably advanced the field and supported the concept of a mitochondrial Ca 2+ microdomain, in which Ca 2+ concentrations are high enough to overcome the low Ca 2+ affinity of the principal mitochondrial Ca 2+ uptake mechanism, the Ca 2+ uniporter. Furthermore, defects in EC coupling that occur in heart failure disrupt SR-mitochondrial Ca 2+ crosstalk and may cause energetic deficit and oxidative stress, both factors that are thought to be causally involved in the initiation and progression of the disease.
Introduction
Excitation-contraction (EC) coupling in cardiac myocytes consumes vast amounts of energy in the form of ATP that need to be efficiently replenished by oxidative phosphorylation in the mitochondria, which occupy roughly a third of cell volume. During a single heartbeat, 2% of the cellular ATP is consumed, and the whole ATP pool of cardiac myocytes is turned over within less than a minute. 1 -3 To orchestrate oxidative phosphorylation in response to constantly changing workloads of the heart, various factors tightly control the mitochondrial redox state and electron flux along the respiratory chain, securing constant availability of ATP. Two of the most important regulatory factors in this regard are Ca 2+ and ADP, 4 -7 whose communication between different organelles and/or compartments within cardiac myocytes is organized by 'microdomains'. 8, 9 Spatial regulation by microdomains is a particular requirement for signalling efficacy considering the highly organized architecture of cardiac myocytes, in which mitochondria comprise a third of the cell volume and are aligned regularly along the ATP-consuming myofilaments, tightly connected to the Ca 2+ stores (i.e. the sarcoplasmic reticulum, SR) and strategically positioned in vicinity to the 'dyads', where activation of L-type Ca 2+ channels (LTCC) triggers Ca 2+ release from the junctional SR in a process coined 'Ca 2+ -induced Ca 2+ release'.
In the last couple of years, considerable progress has been made regarding the identification of the molecular nature and functional roles of various components involved in the transmission of Ca 2+ between the SR and mitochondria. In particular, the identification of the molecular identities and functional roles of various proteins in the inner mitochondrial membrane (IMM) and outer mitochondrial membrane (OMM), but also the SR, has paved new avenues and spurred new enthusiasm in research on the mechanisms of mitochondrial Ca 2+ uptake. Here, after giving a brief overview on EC coupling and mitochondrial energetics (for a more comprehensive review, see refs. 5, 10 ), we focus on these more recent findings with a special emphasis on the aspects relevant to cardiac myocytes and the pathophysiological changes that occur in chronic heart failure.
Excitation -contraction coupling 2.1 Physiology
During a cardiac action potential (AP), Ca 2+ enters cardiac myocytes via LTCC, triggering an even greater release of Ca 2+ from the SR via ryanodine receptors (RyR2), and this Ca 2+ is available at the myofilaments to induce contraction. The amount of Ca 2+ that entered the cell via LTCC is exported primarily via the sarcolemmal Na + /Ca 2+ exchanger (NCX) during diastole, whereas the Ca 2+ that was released from the SR is taken back up by the SR Ca 2+ ATPase (SERCA). In human, rabbit and guinea-pig cardiac myocytes, the distribution between SR-derived Ca 2+ and LTCC-triggered Ca 2+ influx is 70/30, whereas in smaller animals (such as mice and rats), this is shifted towards an even higher contribution of the SR ( 90/10). 10 The interplay between LTCC and RyR2 is facilitated by the close vicinity of both channels in the dyads between t-tubular sarcolemma and the junctional SR. The concept of such a Ca 2+ microdomain is that for a brief period, the Ca 2+ concentrations at the site of release (i.e. near the RyR2 or the LTCC) exceed the concentrations in the bulk cytosol of the cell by several orders of magnitude. 8, 11 These Ca 2+ peaks are limited spatially and temporarily by diffusion of Ca 2+ away from these 'hot spots' to the rest of the cytosol, where Ca 2+ binds to myofilaments to induce contraction. A similar microdomain exists between the SR and mitochondria ( Figure 1 with inset) , facilitating an efficient Ca 2+ transfer between both organelles to match the energy produced in the mitochondria to the demand generated by Ca 2+ -dependent processes of EC coupling. We will allude to this mitochondrial Ca 2+ microdomain-the focus of this review-in more detail further below.
Pathophysiology
In chronic heart failure, defects of EC coupling underlie systolic and diastolic dysfunction. 5, 12, 13 A central defect in failing cardiac myocytes is the decreased Ca 2+ load of the SR, which is related to decreased SERCA activity and a leak of the RyR2. Furthermore, the three-dimensional t-tubular structure that provides efficient coupling of the membrane potential to triggering SR Ca 2+ release is disturbed in various models of heart failure, which induces spatiotemporal dyssynchrony of cytosolic Ca 2+ transients. 14 28, 29 In heart failure, chronic b-adrenergic stimulation with subsequent dysregulation of CaMKIIand PKA-regulated phosphorylation of target proteins substantially contributes to the maladaptive changes of EC coupling (e.g. the leak of RyR2 and activation of late I Na ). 28 -30 Furthermore, an energetic deficit 31, 32 and mitochondrial oxidative stress 33, 34 are thought to play causative roles in the progression of heart failure. Over the past couple of years, we developed the concept that based on the tight interplay between EC coupling, mitochondrial redox state, and the regulation of reactive oxygen species (ROS) production, defects in EC coupling play a causal role for the development of energetic deficit and oxidative stress in heart failure ( Figure 1) . 35 3. Regulation of mitochondrial energetics and redox state during EC coupling
Matching energy supply and demand
In the mitochondrial matrix, the Krebs cycle produces NADH and FADH 2 , which fuel electrons into the electron transport chain (ETC) through complexes I and II ( Figure 1 ). This induces sequential redox reactions along the complexes of the ETC that promote the translocation of protons (H + ) across the IMM, creating a proton gradient (DpH) and an electrical gradient (DYm) which constitute the proton motive force (Dm H ) which is utilized by the for regulating mitochondrial energetics, the mechanisms and kinetics of mitochondrial Ca 2+ uptake are of utmost importance for our understanding of energy supply-and-demand matching in the heart.
Role of redox state for mitochondrial reactive oxygen species formation
In addition to its role for energy production, mitochondrial Ca 2+ uptake also plays a key role in governing mitochondrial formation of ROS. It has been initially proposed that 2% of O 2 consumption is aberrantly funnelled to superoxide (O 2 2) production, however, these initial estimates were corrected to levels of 0.2% more recently (for review, see Balaban et al. 51 ). The major site of O 2 2 formation are complexes I and III of the ETC (Figure 1) , 51, 52 and ). Furthermore, translocation of MAO 56 and NAPDH oxidase 4 (Nox4) 57, 58 to mitochondria may contribute to mitochondrial oxidative stress. The respective contribution of these various potential sources to overall ROS production, however, requires further evaluation.
To protect the matrix enzymes and mitochondrial DNA from oxidative damage, antioxidative mechanisms are in place to eliminate ROS. 51, 59 O 2 2 is rapidly transformed to H 2 O 2 by superoxide dismutase (SOD), and H 2 O 2 is detoxified by glutathione peroxidase (GPX) and peroxiredoxin (PRX; Figure 1 ). These H 2 O 2 -eliminating enzymes need to be regenerated by NADPH-dependent enzymes, such as glutathione reductase (GR) and thioredoxin reductase (TR). This assigns NADPH a central role in the terminal elimination of mitochondrial ROS. 59 NADPH is regenerated by three enzymes that all derive their substrates from products of the Krebs cycle, i.e. isocitrate dehydrogenase (IDP m ), malic enzyme and the nicotinamide nucleotide transhydrogenase (Nnt; Figure 1 ). 59 release events, i.e. Ca 2+ sparks. These data were in agreement with a previous study that observed a bidirectional regulation of spark frequency by mitochondrial ROS production. 62 In this latter study, low ROS levels increased Ca 2+ spark frequency, while higher levels suppressed them. Along similar lines, a recent study by Prosser et al.
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linked stretch-induced increases in ROS production from an NADPH oxidase (Nox2) to increased spark frequency. Collectively, these studies suggest that moderate increases in ROS production activate RyRs and suggest a close interplay of mitochondrial and cytosolic redox state/ROS production and elementary Ca 2+ release events, implying a redox feedback on EC coupling ( Figure 1 ). however, showed that mouse heart mitochondria have dramatically lower MCU current densities than skeletal muscle mitochondria. 80 It is currently unclear whether this low current density is limited to the mouse with heart rates of 600/min to avoid mitochondrial Ca 2+ overload, or conserved across many species. The driving force for mitochondrial Ca 2+ uptake is the large electrochemical gradient across the IMM (DC m , 2180 mV), and early experiments on suspensions of isolated mitochondria revealed Ca 2+ concentrations for halfmaximal activation (K 0.5 ) of the MCU in the upper micromolar range. 81, 82 In more recent patch-clamp-based studies, the K 0.5 was even higher in the millimolar range. 78, 83 These Ca 2+ concentrations are clearly beyond levels expected in the bulk cytoplasm during Ca 2+ transients in myocytes ( 1-2 mmol/L). In a study on human cardiac mitoplasts, two distinct mitochondrial Ca 2+ channels were identified, coined mCa1 and mCa2, with mCa1 resembling the properties of the MCU and mCa2 with slightly different properties, possibly responsible for part of the non-Ru360-sensitive component of mitochondrial Ca 2+ uptake. 83 Similarly, Wei et al. 84 identified two different modes of mitochondrial Ca 2+ uptake with different sensitivities to Ru360, termed MCU mode1 and MCU mode2 . This will be discussed in more detail below. The MCU is part of a macromolecular complex that also contains MICU1 (Figure 1, inset) , the first protein involved in mitochondrial Ca 2+ uptake whose molecular nature could be identified in HeLa cells by the Mootha group. 66 The identity of MICU1 was revealed by an integrative strategy that predicted human genes involved in mitochondrial Ca 2+ uptake based on clues from comparative physiology, evolutionary genomics, and organelle proteomics. 66 Systematic RNA interference experiments against 13 top candidates of this screen revealed MICU1 to be a protein that is associated with the IMM and that has two canonical EF hands that are required for its activity, indicating a role in Ca 2+ sensing (Figure 1, inset 38 Reconstitution of the MCU in lipid bilayers yielded channel activity that resembled the electrophysiological properties and inhibitor sensitivity of the uniporter. 39 The MCU forms oligomers, physically interacts with MICU1
and is part of a multi-protein complex. According to both studies, a highly conserved linker between the two transmembrane domains that faces the intermembrane space is required for the inhibitory effect of Ru360 (Figure 1, inset) , the most specific inhibitor of the MCU so far. 38 21, 95 Recently, the molecular nature of the mitochondrial NCX was identified as well. 64 The exchanger forms dimers, locates to the mitochondrial cristae, transports either Na + or Li + in exchange for Ca 2+ and thus, is termed NCLX (Figure 1 ).
64
Ca 2+ -dependent mitochondrial Na + import via the NCLX is counterbalanced by mitochondrial Na + /H + exchange (mNHE). This makes mitochondrial Ca 2+ uptake an energetically expensive process, since Dm H is dissipated by the Na + -dependent H + import to the matrix and needs to be regenerated by the ETC (Figure 1 ).
Integrative physiology of mitochondrial Ca 21 uptake and release in cardiac myocytes
While these studies are important to understand the molecular composition of the MCU with its regulatory proteins in general, they have not (yet) resolved the kinetics and quantities of mitochondrial Ca 2+ uptake in cardiac myocytes during EC coupling. In the last couple of years, we have focused on this controversial issue by establishing a method by which cytosolic ( uptake, the amplitude of cytosolic Ca 2+ transients increased, although in our more recent studies, 44 this effect was smaller than in our initial study and no longer significant. 43 Recently, the Bers group further addressed this issue. After their previous study using rhod-2 in permeabilized rat cardiac myocytes, in which they estimated that 2-10 nM Ca 2+ enter mitochondria per beat, 75 during systole are 1-2 orders of magnitude lower even during b-adrenergic stimulation. This seeming paradox would be resolved by the concept of a mitochondrial Ca 2+ microdomain, in which mitochondria are in close vicinity to the RyRs of the SR (Figure 1 and inset) , a concept that is already well accepted in non-cardiac cells with regard to the interaction between the endoplasmic reticulum (ER) and mitochondria. 8 In fact, early electron micrographic studies revealed that in cardiac myocytes, the average distance between RyR2s and the mitochondrial surface ranges between 37 and 270 nm, 103 and in our more recent studies analysing transmission electron micrographs, the distance between the junctional SR and mitochondria averaged 15-20 nm. 68 68 Up to an age of 6 weeks, these mice developed normal with no cardiac phenotype. However, transmission electron microscopy revealed that in Mfn2-, but not Mfn1-deficient mice, the contact length between the junctional SR and mitochondria was decreased, with a trend towards a widening of the gap between the two organelles. Likewise, RyRcontaining mitochondrial associated membranes as a biochemical measure of SR-mitochondrial contact were strikingly decreased in Mfn2-KO mice. 68 These data contrast somewhat with data from the Walsh group by Papanicolaou et al., 114 who reported that cardiac-specific ablation of Mfn2 in mice did not alter the close associations between SR and mitochondria. There were, however, important methodological differences between our studies and those of Papanicolaou et al.. 114 First,
we used a mouse model with post-natal knock-out of Mfn2, 68 while in the other study, 114 Mfn2 was knocked out already in the embryo, potentially facilitating mechanisms to compensate for the loss of Mfn2. Furthermore, Papanicolau et al. 114 analysed only the distance between mitochondria and the centre of T-tubules, which was in the range of 150 nm and not different between Mfn2-KO and control animals. 114 In contrast, we analysed the distance between the junctional SR and mitochondria, which is in the range of only 15 nm and a more direct parameter for SR-mitochondrial tethering.
To elucidate the functional relevance of these ultrastructural alterations, we performed experiments on isolated cardiac myocytes which were exposed to a physiological increase in workload (increased pacing frequency and b-adrenergic stimulation for 3 min microdomains between the SR and the OMM, and recent evidence suggests that the areas of the OMM which are tethered closely to the SR are also closer to the IMM than areas of the OMM that do not have a close SR contact 113 ( Figure 1, inset) . In fact, these contact points between IMM and OMM are enriched in VDAC, 113 which associates with RyR2, 118 and a lighter version of the Mfn2 protein (50 kDa), while those areas of the OMM that are not engaged in contact points harbour the full-length Mfn2 protein ( 80 kDa). 113 While the functional implications of the lighter Mfn2 protein are presently unclear, these data nevertheless suggest that the contact points function as anchorage sites for the SR-mitochondrial physical coupling, and that close coupling of the SR, OMM, and IMM is likely to 'provide a favourable spatial arrangement for local RyR2-mitochondrial Ca 2+ signalling'. 113 
Pathophysiological changes in heart failure
In chronic heart failure, maladaptive remodelling of EC coupling induces contractile dysfunction. The most prominent changes are 43, 44, 100 which are decreased in failing cardiac myocytes. 25 Furthermore, we observed that reverse-mode NCX-driven Ca 2+ influx is less efficient for mitochondrial Ca 2+ uptake than coordinated SR Ca 2+ release (due to its slower kinetics and less privileged localization to mitochondria; Figure 1 ). 100 Similarly, t-tubular dysorganization leads to dyssynchronized and thus, slower cytosolic Ca 2+ transients, which based on our experimental results 100 should also negatively affect mitochondrial Ca 2+ uptake. A study on human cardiac mitoplasts revealed that the opening probability of the mCa1 (equalling MCU) and mCa2 were reduced in the mitochondria from patients with heart failure. 83 and arrhythmias ( Figure 1 ).
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Conclusions
Considerable progress has been made on identifying the mechanisms and molecular determinants of mitochondrial Ca 2+ uptake and release in cardiac myocytes. In particular, the identification of the MCU, its regulatory factors MICU1 and MCUR1 as well as of the NCLX, but also tethering proteins between the SR and mitochondria, such as Mfn2, RyR2, and VDAC will allow further characterization of the processes of mitochondrial Ca 2+ uptake and release in cardiac myocytes. These studies together with the further improvement of mitochondrially located Ca 2+ indicators will hopefully resolve some
of the remaining open issues such as the exact quantities and kinetics of mitochondrial Ca 2+ uptake during EC coupling and its role for cytosolic Ca 2+ .
